The G 6 group-theoretical high-barrier formalism developed previously for internally rotating and inverting CH 3 NHD is used to interpret the abnormal torsional splittings in the S 1 state of acetaldehyde for levels 14 0Ϫ 15 0 , 14 0Ϫ 15 1 , and 14 0Ϫ 15 2 , where 14 0Ϫ denotes the upper inversion tunneling component of the aldehyde hydrogen and 15 denotes the methyl torsional vibration. This formalism, derived using an extended permutation-inversion group G 6 m , treats simultaneously methyl torsional tunneling, aldehyde-hydrogen inversion tunneling and overall rotation. Fits to the rotational states of the four pairs of inversion-torsion vibrational levels (14 0ϩ 0Ϫ 15 3A,E ) are performed, giving root-mean-square deviations of 0.003, 0.004, 0.004, and 0.004 cm Ϫ1 , respectively, which are nearly equal to the experimental uncertainty of 0.003 cm Ϫ1 . For torsional levels lying near the top of the torsional barrier, this theoretical model, after including higher-order terms, provides satisfactory fits to the experimental data. The partially anomalous K-doublet structure of the S 1 state, which deviates from that in a simple torsion-rotation molecule, is fitted using this formalism and is shown to arise from coupling of torsion and rotation motion with the aldehyde-hydrogen inversion. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1633758͔
I. INTRODUCTION
The S 1 state of acetaldehyde involves an O(n) →CO(*) electronic transition resulting in a pyramidal conformation of the CCHO moiety and a staggered conformation of the CH 3 group with respect to the aldehyde O atom. This nonplanar geometry possesses two large amplitude motions: the aldehyde hydrogen inversion ͑vibrational normal mode Q 14 ) and the methyl torsional motion ͑mode Q 15 ). The inversion splitting for the zeroth torsional level is measured to be Ϸ34 cm
Ϫ1
. [1] [2] [3] [4] The inversion motion of the molecular frame is strongly coupled to the torsional motion of the methyl moiety because some torsional adjustment is required to return to the equilibrium conformation after inversion. This results in observation of abnormal torsional sublevel splittings for states with v t ϭ0, 1 and 2, both for the torsional levels built on 14 0Ϫ and for those built on 10 1 14
0Ϫ
͑mode Q 10 is the C-C-O bend͒. [1] [2] [3] [4] The torsional splittings of 14 0Ϫ are notably smaller than those of 14 0ϩ . From the observation, the interaction seems to reduce or even change sign of the torsional splittings in 14 0Ϫ . In particular, the energy ordering of the A and E sublevels of 14 0Ϫ 15 0,1 and of 10 1 14 0Ϫ 15 0 is inverted ͑i.e., opposite signs of torsional splittings͒ from that in the torsional levels built on 14 0ϩ and 10 1 14 0ϩ ͑where 14 0ϩ and 14 0Ϫ denote the lower and upper ͑nodeless and one-node͒ inversion tunneling components, respectively͒. However, no theoretical model was used in Refs. 1-4 to quantitatively explain this anomalous splitting.
Similar anomalous torsional splittings are reported for molecules like propene 5 and methanol. 6 This abnormal splitting in propene is explained to be due to nonresonant anharmonic coupling to nearby vibrational states. 5 Wang and Perry 6 used a local mode model for explanation of inverted methanol torsional splittings in the CH stretching region and basically showed that the inverted splitting is a systematic property arising primarily from stretch-torsion interactions, and not from accidental perturbations from neighboring vibrational states. Later, permutation-inversion ͑PI͒ grouptheoretical methods were used 7 to show that inverted torsional splittings are induced when a pair of high-barrier torsionally split components of a given torsional state, having t A and t E symmetry species in the molecular symmetry group G 6 , are allowed to interact with small amplitude vibrational modes of symmetry v E. This mechanism is fundamentally similar to the local mode explanation of Wang and Perry. 6 But for our low vibrational energy observations in S 1 acetaldehyde 1,2 no such E vibrational states lie near the vicinity of the levels studied, so the anomalous torsional splittings more probably result from interaction with the second large-amplitude motion, i.e., inversion.
Model Hamiltonians for torsion and a second large amplitude motion of the inversion or wagging type were developed by applying extended PI groups 8 to the high-barrier torsional-wagging-rotational problems in hydrazine (H 2 NNH 2 , PI group G 16 ) 9,10 and methylamine (CH 3 NH 2 , PI group G 12 ). 11, 12 Fits to IR and microwave data based on the Hamiltonians derived are quite satisfactory. Later the Ohashi group 13,14 adapted the CH 3 NH 2 formalism for methylamine-d 1 with its smaller molecular symmetry group of G 6 . Methylamine exhibits two large amplitude motions: the methyl torsion and the umbrella motion of the amine group, and they interact. The molecular symmetry group of the monodeuterated isotopomer CH 3 NHD is the same as that for S 1 acetaldehyde CH 3 CHO, since the inversion motion involves two different atoms. The lighter hydrogen atom of CHO does most of the moving, while the oxygen atom remains rather stationary during inversion in CH 3 CHO; similarly in CH 3 NHD, it is mainly the H atom of NHD that moves during inversion. Hence the formalism used for methylamine-d 1 should be applicable to the similar behavior in acetaldehyde S 1 ͑though it should be pointed out that methylamine-d 1 displays normal ordering of sublevels for the torsional levels studied͒.
From a dynamics point of view, the presence of the torsional degree of freedom has been associated with acceleration of intramolecular vibrational redistribution ͑IVR͒. 6, [15] [16] [17] [18] [19] [20] In addition, coupling of intramolecular proton tunneling and methyl internal rotation has been investigated in the molecules 2-methylmalonaldehyde, 21 5-methyltropolone, 22 and 5-methyl-9-hydroxyphenalenone. 23 A decrease in proton tunneling splitting of one order of magnitude is observed when a methyl rotor is present, e.g., the 18.9 cm Ϫ1 splitting in the first excited electronic state of tropolone 24, 25 drops to 2.2 cm Ϫ1 in 5-methyltropolone. 22 Investigation of the interaction between these two large amplitude motions has provided detailed information on proton transfer dynamics, but up to now a quantitative theoretical model is lacking.
In the present work, we use the group-theoretically derived tunneling formalism 13 to interpret, via the interaction of inversion and torsion, and anomalous sublevel positions reported earlier 1, 4 3 ) pair to test its limits. The analogous vibrational progressions involving Q 10 require in principle consideration of the additional interaction of a small-amplitude vibrational motion and are not fitted currently. However, because the effects of interactions from Q 10 are smaller than those from Q 14 , results obtained from the present work are also expected to provide a basis for explanation of the abnormal torsional sublevel splittings in the 10 1 14 0Ϫ series.
II. MODEL
Details of the group-theoretical formalism for understanding the high-barrier torsion-wagging and torsionwagging-rotation problems in methylamine have been presented earlier. 11, 12 This formalism was modified by the Ohashi group 13, 14 to apply to the reduced molecular symmetry G 6 of mono-N-deuterated methylamine, and their modified formalism is used in the present work. Some of the physical ideas and the necessary Hamiltonian matrix elements from that formalism are summarized below.
The first task in understanding a high-barrier tunneling formalism is to identify the total number of equivalent minimum-energy equilibrium configurations together with the total number of feasible tunneling paths connecting them. In the excited electronic state of acetaldehyde, there are six different frameworks for the molecule, corresponding to the six local minima arising in the torsion-inversion potential surface ͓the ͑␣, ␥͒ space͔ from combinations of the three internal rotation positions for the methyl group and the two inversion positions of the pyramidal aldehyde group. Figure  1 shows the six frameworks in the ͑␣, ␥͒ space ͓or in the ͑␤, ␥͒ space with mϭ1] 13 and the 6m frameworks in the ͑␤, ␥͒ space for the S 1 state of acetaldehyde, the symmetry operations relating each framework to framework 1, and arrows indicating one internal rotation (nϭ1→3) and two inversion (nϭ1→2, nϭ1→6) tunneling paths. The six nonsuperimposable molecular frameworks of the S 1 state of acetaldehyde corresponding to Fig. 1͑a͒ are shown in Fig. 2 .
In molecules like S 1 acetaldehyde, the inversion motion of the pyramidal group is associated with a subsequent internal rotation of the methyl group, the ''corrective internal rotation,'' which is necessary to bring the whole molecule back to the equilibrium conformation. The left and right ''corrective internal rotations'' in acetaldehyde are shown schematically in Fig. 1͑a͒ for the case in which the O atom moves less than the H atom during the inversion motion. These two final states, after subjecting them to the laboratory-fixed inversion, operation * , correspond to configurations nϭ2 and nϭ6 in Fig. 1͑a͒ and Fig. 2 . Since the amount of corrective rotation is different for these two inversion paths, the two inversion paths themselves are different, and the splitting parameter for one path ͑see below͒ is therefore denoted by h 2v , the splitting parameter for the other by h 2v in the ͑␤, ␥͒ space in Fig. 1͑b͒ .
In the formalism adopted here, 11-14 a partial internal axis method treatment is used, in which a backward rotation of the whole molecule is introduced to cancel the angular momentum generated by internal rotation. Because of this backward rotation one needs to use an extended PI group to maintain the boundary condition of 2 periodicity for the rotational angle about the z axis. 13 In this formalism, the torsional angle ␣ is replaced by a torsional variable ␤ ϵ␣/m, where m/pϭ1/. The quantity is a structural parameter involving moments of inertia of the top and frame in the molecule, with a value near 1/3 for acetaldehyde; the quantities m and p are the smallest pair of integers with a ratio equal to 1/. ͑The application of extended PI groups to torsional motion is described in detail in Ref. 8 .͒ Oda et al. 13 used G 6 m that is isomorphic to C 3m,v to derive the energy levels of the molecular system and to treat the torsion, inversion, and rotation motions simultaneously. The six local minima and frameworks of Fig. 1͑a͒ will extend to 6m minima and frameworks in the ͑␤, ␥͒ space. The various minima in ͑␤, ␥͒ space are shown in Fig. 1͑b͒ along with parameters in the matrix elements for tunneling between frameworks similar to those used for CH 3 NHD. 13 All terms linear and quadratic in components of the total angular momentum in the phenomenological tunnelingrotational Hamiltonian 13 derived in this formalism are shown in Eq. ͑1͒,
where all the coefficients ͑h, f, q, r, and s͒ in Eq. ͑1͒ are in general functions of the torsional, wagging, and smallamplitude vibrational variables. Selection rules for the rotational operators in Eq. ͑1͒ follow from the usual ladder operator considerations. The torsional-wagging coefficients ͑h, f, q, r, and s͒ have definite symmetry species in the group G 6 m ; these are given in Table X of Oda et al., 13 together with their behavior under the combined operation ( ‡ ) of time reversal and Hermitian conjugation.
The terms ( f ϩ J ϩ 2 ϩ f Ϫ J Ϫ 2 ) are responsible for the conventional asymmetric rotor splittings. The coefficient q resembles a vibrational angular momentum operator along the molecular z axis. The terms (r ϩ J ϩ ϩr Ϫ J Ϫ ) arise from Coriolis interactions about the molecular axes x and y. The last two terms ͓s ϩ (J ϩ J z ϩJ z J ϩ )ϩs Ϫ (J Ϫ J z ϩJ z J Ϫ )͔ arise from off-diagonal contributions to the moment-of-inertia tensor and they are closely related to the D ab and D ac terms from earlier treatments. 13 The Hamiltonian matrix elements applied in this work are the same as those used in the fit to methylamine-d 1 .
14 The torsional-wagging basis functions used to calculate these Hamiltonian matrix elements are as defined in Eq. ͑17͒ and Table V of Ref. 13 . Note that only the matrix elements and equations used to fit the present experimental data are listed below; for detailed derivations the reader should refer to the original theoretical papers. 13, 14 ͗⌫͑K,J͒,l͉H͉⌫͑K,J͒,l͘ 
͗⌫͑K,J͒,1͉H͉⌫͑K,J͒,2͘ϭ͗⌫͑K,J͒,2͉H͉⌫͑K,J͒,1͘* ϭϩi͑h 4 sin ϩh 6 sin 2ϩh 8 sin 3 ͒ Ϫi͑h 2 sin ϩh 4 sin 2ϩh 6 sin 3ϩh 8 sin 4 ͒
͗⌫͑K,J͒,l͉H͉⌫͑Kϩ2,J͒,l͘
͗⌫͑K,J͒,l͉H͉⌫͑Kϩ2,J͒,3Ϫl͘
⌫ denotes the overall vibration-torsion-inversion-rotation symmetry. The symbol lϭ1 or 2 denotes the two different basis functions associated with the same overall symmetry species. ͓Note that the torsional-wagging-rotational basis functions used here and in Ref.
14 are the same as those
The six nonsuperimposable equilibrium frameworks for S 1 acetaldehyde and the symmetry operations a p b q ͓where aϭ(132) and b ϭ(12)*] which relate these frameworks to that for nϭ1. The six frameworks in the ͑␣, ␥͒ space correspond to those in the ͑␤, ␥͒ space for the group G 6 m when mϭ1. They repeat m times to supply the additional frameworks required for the 6m minima when mϾ1. defined in Eqs. ͑30͒-͑32͒ in Ref. 13 except for a phase factor of e ϪiK/6 , which is slightly different than the phase factor of (Ϫi)
KϩlϪ1 e ϪiK/6 suggested in Ref. 13 . The present choice makes all matrix elements either purely real or purely imaginary.͔
The J and K dependences of the nϭ1, nontunneling, asymmetric-rotor-like terms in Eq. ͑2͒ are given by
where the f 1,Rk and f 1,Ik terms in the f 1r Ј and f 1i Ј expressions here are slightly changed from their analogs in Ref.
14. The quantities above are related to the usual rotational constants in a right-handed nonprincipal axis system (a,b,c) which is consistent with ͑i͒ the absence of -dependent phase factors in our Hamiltonian matrix elements, ͑ii͒ (x,y,z)→(c, Ϫb,a), and ͑iii͒ off-diagonal terms in the rotational operator written in the form
Parameters for other values of n ͑i.e., various tunneling parameters͒ are
The tunneling and nontunneling parameters can be related to integrals between frameworks of the form
where Cϭh, f, q, r, and s. These tunneling parameters have been defined clearly in Ref. 13 .
The purely rotational matrix element factors are given by the expressions
, for ⌫ϭE,
An integer control factor F and various control angles depending on the symmetry species are given by
ϭ͑2/3͒͑Kϩ1 ͒, for ⌫ϭE, ͑8͒ Јϭ͑2/3͒͑Kϩ1͒, for ⌫ϭA 1 ,A 2 , ϭ͑2/3͓͒͑Kϩ1 ͒ϩ1͔, for ⌫ϭE.
Here for E species defined as (2/3)(KϪ1) in Refs. 13 and 14 is changed to (2/3)(Kϩ1) and Ј defined as (2/3)͓(Kϩ1)Ϫ1͔ is changed to (2/3)͓(Kϩ1)ϩ1͔ to be consistent with our previous definition for the rotational direction of the internal rotor relative to that of K.
1 This troublesome sign convention is discussed in detail by Mekhtiev et al. 26 The notational conventions above can be summarized as follows. The index of the torsional-wagging basis function localized in the nth local minimum in the space ͑␤,␥͒ is denoted by n. The nontunneling integrals, corresponding to asymmetric rotor effects, have the subscript 1 ͑e.g., h 1 , f 1r , and f 1i ). The other symbols with odd subscripts ͑e.g., h 3 , h 5 , h 7 ) denote tunneling integrals contributed by the pure internal rotation. Symbols with even subscripts denote tunneling integrals contributed by the inversion motion followed by a corrective internal rotation. They occur as unbarred ͑e.g., h 2 , h 4 , h 6 ) and barred ͑e.g., h 2 , h 4 , h 6 ) quantities, corresponding to the smaller and larger rotational correction, respectively. The definitions used for the off-diagonal rotational constants D ab , D ac , and D bc follow those used previously 1 2 and q 3 in the partial IAM axis system used here is given for methylamine in connection with Eq. ͑21͒ of Ref. 27 . We have derived similar equations for the present problem, and find that the parameters , q 2v , and q 3v are highly correlated. We thus explicitly set q 3v ϭ0. We have also set q 5v , q 7v , etc., to zero in all the fits discussed below, even though we have not investigated the contact transformation procedures that are probably necessary to justify neglect of these terms mathematically.
III. RESULTS

A. Global fits to the inversion-torsion-rotation levels
In the model adopted here, each vibrational state, i.e., 14 0 4 for v t ϭ0. Table I lists root-mean-square ͑rms͒ deviations from our global fits, which range from the lowest torsional state v t ϭ0 to the moderate energy state v t ϭ3. To better assess the quality of these fits, contributions to these rms deviations are presented for individual inversion-torsion components and individual K quantum numbers. Table II lists the fitted molecular parameters and the overall rms for the fits to the four vibrational states. Table III shows the calculated and observed A/E splitting for each v t and each pair of inversion components, as well as the calculated and observed inversion splitting for the A and E components of each torsional state.
For the v t ϭ0 pair ͑here and below, the word ''pair'' refers to the 14 0ϩ 15 v t and 14 0Ϫ 15 v t inversion pair͒, the obtained torsional splittings are small and comparable with the experimental uncertainties, so neither the magnitude nor the direction of the vector can be determined from the fits. These two properties of the vector were therefore transferred from the higher v t fits, i.e., the magnitude of was taken to be 0.28 and D ab was taken to be Ϫ0.13 cm . For the v t ϭ0 pair, a total of nine parameters were floated to fit 82 and 136 inversion-torsion-rotation states in our 1 and Jalviste's 4 data, respectively. The nine floated parameters in the v t ϭ0 columns of Table II can be divided into three groups. The first group consists of the three rotational constants A, B, C and an additive energy offset parameter h 1v , which simply makes the calculated energy of the 0 00 A state of 14 0ϩ 15 0 equal to 0. The second group consists of the two inversion tunneling parameters h 2v and h 2v ͓see Fig. 1͑b͔͒ together with two centrifugal distortion corrections to the large h 2v parameter. The large ratio of h 2v /h 2v Ϸ6000 suggests that one corrective rotation following the inversion is much easier to carry out than the other, which is consistent with one corrective rotation at the bottom of the torsional well requiring essentially no tunneling through the torsional barrier and one corrective rotation requiring significant tunneling. The third group of parameters contains only the torsional splitting parameter h 3v . This parameter is negative and corresponds, as it should, to the A level lying below the E level in the v t ϭ0 state of the purely torsional problem. Nevertheless, for this torsional ground state level in S 1 acetaldehyde, both from our measurements and from data of Jalviste et al. 4 at better spectral resolution and corrected for perturbation by the nearby triplet state, the A level lies slightly above the E level in 14 0Ϫ . As shown in Tables I-III, the rms of deviations for the calculated values from both experimental data sets is near the measurement uncertainties. Even though our experimental value of Ϫ0.003 cm Ϫ1 is close to the experimental measurement uncertainty, the calculated E -A energy difference also yields a small negative value for 14 0Ϫ , confirming the experimental finding.
For the v t ϭ1 pair, nine parameters are used to fit 87 states. For v t ϭ1, the torsional splittings are large enough to permit the determination of the magnitude and direction of , so both and D ab were floated. As is expected for this model, the A/E torsional tunneling splitting parameter h 3v changes sign and increases in magnitude by factor of 34, compared to its value for the v t ϭ0 pair. The ratio ͉h 2v /h 2v ͉ of the two inversion tunneling parameters is a factor of 70 smaller than its value for v t ϭ0. This makes the ratio closer to unity, which is consistent with the fact that the tunneling paths with the two different corrective internal rotations must become comparable in difficulty ͑and the inversion tunneling parameters must therefore become comparable in magnitude͒ as the torsional energy increases to values well above the barrier hindering internal rotation. The rms of deviations for the best fit to this inversion-torsion pair is 0.004 cm Ϫ1 , which is again near our measurement uncertainty. We do not understand why, but the two small centrifugal distortion corrections to h 2v needed for the v t ϭ0 fit were not necessary for the v t ϭ1 fit. One possible explanation is that these two small parameters, giving contributions of less than 0.02 cm Ϫ1 to the energy levels within the Jр6, Kр3 range of our data, are trying to fit some unknown residual effects of the perturbation of v t ϭ0 by the triplet T 1 state. In any case, this formalism with a limited number of parameters successfully fits Number of levels included in the fit. See Table V for the energies, quantum numbers, and observed-minus-calculated residuals of these levels. Calculated torsion and inversion splittings were obtained from our fitting results by taking differences between appropriate calculated 0 00 levels.
the rotational structure of the inversion-torsion pairs for both v t ϭ0 and v t ϭ1, and the parameter changes are consistent with this tunneling model. For the v t ϭ2 pair, fits using the present model suggested that the Kϭ0 subband of 14 0Ϫ 15 2 E should be reassigned. The Q P 0 branch has only one resolved transition; the others are blended. If this resolved line is assigned to 1 01 -2 02 instead of to 0 00 -1 01 , as suggested previously, 1 and J values for the blended lines are correspondingly shifted, as shown in Table IV , four changes occur: ͑i͒ two less parameters are required for the fit; ͑ii͒ the fitting residuals are less; ͑iii͒ a good combination difference involving the unblended line is obtained; and ͑iv͒ a positive value for the E -A splitting of 0.322 cm Ϫ1 is obtained for 14 0Ϫ 15 2 . Because of the larger torsional energy in v t ϭ2, parameters involving higher-order terms must be included in the fit. Table II gives results from a fit using 16 parameters to fit 81 inversion-torsion-rotation states, yielding a rms deviation of 0.004 cm Ϫ1 . In this fit, six parameters (h 1v , A, B, C, D ab , and ͒ describe nontunneling asymmetric rotor effects and the magnitude and direction of , six parameters (h 2v , h 2k , h 2v , q 2v , f 2 , and h 6v ) describe inversion-torsion-rotation tunneling interactions, and four parameters (h 3v , h 3k , q 3k , and h 5v ) describe pure torsion-rotation interactions. The set of six nontunneling parameters for v t ϭ2 are in very good agreement with the corresponding values determined for v t ϭ1. The set of four torsion-rotation parameters are also consistent with qualitative expectations, since the torsional-tunneling-splitting parameter h 3v changes sign and increases by an order of magnitude compared to its value for v t ϭ1, and since small centrifugal distortion corrections (h 3k , q 3k ) as well as a higher order Fourier coefficient of the torsion-K-rotation splitting pattern (h 5v ) are required. ͑Note that even though the Coriolis coupling constant q 3v could be fixed to zero because of correlation effects, as described earlier, its J and K dependence cannot be similarly eliminated.͒ Unfortunately, in our fits of v t ϭ2 more than one set of parameters leads to the same acceptable rms deviation of 0.004 cm Ϫ1 . The problem concerns mainly the inversiontunneling parameters h 2k , h 2v , h 2k , q 2v , q 2k , q 2v , h 4v , and h 6v , which can vary dramatically from fit to fit, even though the nontunneling and pure torsional tunneling parameters discussed at the end of the preceding paragraph remain quite stable. This parameter instability could be caused by some intrinsic indeterminacy in the parameter set. It is also possible, however, that the problem is caused by some combination of the following factors: ͑i͒ The molecule becomes more floppy at higher energies, requiring a large number of higher-order inversion-torsion-rotation interaction terms to adequately describe the energy levels. ͑ii͒ Our information on the large-amplitude motions is quite unbalanced, since torsional information comes from the A and E tunneling components of the four levels with v t ϭ0, 1, 2, and 3, while inversion information comes only from the 14 0ϩ and 14 0Ϫ One might expect the tunneling parameters h 4v and q 2v to both be necessary when calculating inversion-torsionrotation effects in the floppy v t ϭ2 pair, but these two parameters cannot be determined simultaneously from our current limited data set. In fact, our data can determine the inversion-torsion diagonal term (h 4v ϩh 2v )cos rather well, but cannot determine the off-diagonal term i͓(h 4v Ϫh 2v )sin ϪKq 2v ϩKq 2v cos ͔, which is responsible for interaction between the two inversion sublevels. It appears that the q 2v K term can partly compensate for the (h 4v Ϫh 2v )sin term ͑presumably because we do not have enough K values in our v t ϭ2 fits͒, and q 2v thus varies with h 4v and h 2v . Inversion splittings of more K levels are needed to stabilize these inversion-tunneling parameters. ͑The missing Kϭϩ1 and ϩ2 levels of 14 0Ϫ 15 2 E are probably particularly harmful to this fit.͒ In any case, the v t ϭ2 fit we have chosen to present in Table II skips h 4v but includes h 6v , because the sum of h 2v and h 4v is nearly constant ͑Ϫ0.53 cm Ϫ1 ͒ in these fits, so that ignoring h 4v by setting it to zero does not have any obvious effect on the least-squares residuals. The fit presented is the one with the fewest total parameters and the fewest inversion-torsion-rotation parameters from among our fits with rms deviations of 0.004 cm Ϫ1 . The v t ϭ3 pair, at a torsional energy of about 580 cm Ϫ1 , is only about 70 cm Ϫ1 below the top of the torsional barrier. Strong torsion-rotation and inversion-torsion-rotation interactions are thus expected in this torsional level. For example, from the results of calculation, the energy ordering of K states of A species is 3Ͻ2Ͻ1Ͻ0 in 14 0ϩ 15 3 , but 0Ͻ1 Ͻ2Ͻ3 in 14 0Ϫ 15 3 . The reversed K energy ordering in 14 0Ϫ 15 3 results from torsion-rotation and inversiontorsion-rotation interactions, and is confirmed by the experimental data. The theoretical formalism used in the present paper can also be used to predict unassigned rotational lines in this region. For example, the lower wave-number component of the A -A band was not assigned in our earlier work, 1 but we have now been able to assign transitions involving Kϭ0, 2, and 3 of 14 0ϩ 15 3 A. Analogous Kϭ2 and 3 transitions were also found in 10 0 1 14 0 0ϩ 15 0 3 , providing qualitative confirmation of these new assignments. Based on this new information, the E -A splitting is now determined to be Ϫ23.232 cm Ϫ1 for 14 0ϩ 15 3 , in good agreement with the fitted value of Ϫ23.228 cm Ϫ1 in Table III. For 14  0Ϫ 15 3 , the observed E -A splitting is still unknown, but its calculated value is Ϫ7.908 cm Ϫ1 in Table III . The calculated K structure of the E sublevels is also dramatically affected, and some E -E transitions have therefore also been reassigned.
For the Kϭ2 A doublets of v t ϭ3, the theoretical model prefers a reversed energy order from the asymmetric rotor convention that J Ka,JϪKa lies above J Ka,JϪKaϩ1 . These K ϭ2 A doublet splittings are comparable at low J to our experimental uncertainty, however, so that deviations from fits using either assignment are about the same. Because the v t ϭ3 torsional level is near the top of the barrier, where the high-barrier tunneling model may not be adequate, we have chosen to use the asymmetric rotor convention to label these Kϭ2 doublets in our experimental spectra.
All of the new assignments or reassignments discussed in the paragraphs above are given in Table IV. As mentioned, the torsional energy in v t ϭ3 is comparable to the barrier height, so more higher-order terms must be added to the fit. In addition, however, Franck-Condon factors in this energy region allow more transitions to appear in the spectra. Thus, a total of 19 parameters are used to fit 103 inversion-torsion-rotation states to a rms deviation of 0.004 cm
Ϫ1
, which is again at the level of our measurement uncertainty. The parameters consist of six nontunneling parameters characterizing asymmetric rotor effects and the magnitude and direction of the vector, eight tunneling parameters characterizing inversion-torsion-rotation interaction, and five parameters characterizing pure torsion-rotation interaction. These parameters look reasonable, except for the small q 2v value, which could result either from accidental cancellation of inversion induced angular momentum or from a lack of K values. In fact, the fits for v t ϭ2 and 3 have either reached the limits of our data or the limits of the highbarrier tunneling model, because there are six inversiontorsion tunneling parameters for six inversion splittings of K states in v t ϭ2 and 8 parameters for eight splittings of K states in v t ϭ3.
The main points of this global fitting section from a tunneling point of view can be summarized as follows. Overall the formalism successfully fits experimental data for all torsional states below the barrier with an acceptable rms deviation, as can be seen from the list in Table V of experimental term values for all states and the observed minus calculated residuals from the fits. The ratio of ͉h 2v /h 2v ͉ is ϳ2 ϫ10 Ϫ4 , 0.012, 0.045, and 0.57 for v t ϭ0, 1, 2, and 3, respectively. This ratio increases with v t , consistent with the interpretation that as we move towards the top of the barrier the two different corrective internal rotations become more nearly comparable in difficulty. Tunneling to more distant frameworks in the ͑␤, ␥͒ space of Fig. 1͑b͒ is important in v t ϭ2 and 3, so that higher order terms in the h nv expansion become necessary. The nϭ5 term is still much smaller than the nϭ3 term, suggesting that the purely torsional expansion is still convergent, but the nϭ4 terms become comparable to the nϭ2 terms for v t ϭ3, suggesting that there may be convergence problems with the inversion expansion.
B. Inversion-torsion interaction
To obtain a clearer physical picture of the largeamplitude inversion and torsion vibrational motions without rotational complications, the quantum numbers J and K can be set to zero. The energy expressions for the four levels tw A 1 ting, i.e., the contribution from the second term on the righthand side of Eqs. ͑11c͒ and ͑11d͒, is smaller than the pure torsional contribution, i.e., the first term on the right-hand side of Eqs. ͑11c͒ and ͑11d͒, so that no inverted sublevel splitting is observed. But as found here, the inversion contribution for S 1 CH 3 CHO exceeds the torsional contribution in the v t ϭ0 and 1 states, resulting in inverted A/E torsional sublevel ordering in the 14 0Ϫ 15 0 and 14 0Ϫ 15 1 levels. In the v t ϭ2 and 3 torsional levels, the torsional splittings become larger and the energy ordering of the A/E torsional sublevels returns to normal in 14 0Ϫ 15 2 and 14 0Ϫ 15 3 . As indicated in Eqs. ͑11͒ the inversion contribution to the torsional splittings can be thought of as arising from the difference in the inversion splitting for levels of A and E symmetry species. Shimoda, Nishikawa, and Itoh 28, 29 proposed an expression for the inversion splitting in CH 3 NH 2 based on the Franck-Condon-type idea of representing this splitting as the product of a ''pure'' inversion splitting frequency ⌬ 0 times an overlap integral between the torsional wave function Q(␣) appropriate for the initial state of the inversion motion and the torisonal wave function Q(␣ Ϫ⌬␣) appropriate for the final state of the inversion motion, where ⌬␣ is an offset equal to the corrective internal rotation required following the inversion motion. Unlike the case for CH 3 NH 2 , the value of ⌬␣ to be used in this model is not determined by symmetry for the unsymmetrical species CH 3 NHD or S 1 CH 3 CHO, but it is expected to be much smaller than 2/6 when one of the two inverting atoms is much heavier than the other. In any case, useful qualitative conclusions can be drawn from the Kϭ0 expression, 14 
͑16b͒
Since vϭ0 is essentially a nodeless Gaussian, all integrands in Eqs. ͑16͒ are positive. The t A inversion splitting is thus larger than the t E. On the other hand, for vϭ1 and small ⌬␣, the overlap integrals between functions centered in adjacent minima in Eqs. ͑16͒ are found to be negative, so that the t A inversion splitting is smaller than the t E. Extending these arguments to higher v t values leads to our observed alternation with even and odd v t of the relative A/E inversion splitting magnitude. We thus conclude that the A/E relative inversion splitting at given v t is determined by the number of nodes in the torsional wave function, rather than by its group theoretical symmetry species.
From the point of view of the above arguments, inverted torsional splittings cannot arise in Eq. ͑11c͒ because the signs of the two contributions will always be the same. Inverted torsional splittings will arise in Eq. ͑11d͒ only when the inversion splitting is large enough that the small differences associated with Eqs. ͑16͒ can overwhelm the pure torsional splitting.
In spite of the understanding gained from the tunneling formalism used in this paper, it is clear that characterization of the potential surface must await development of a method for precise numerical treatment of the full dynamical problem of two large-amplitude vibrational motions plus overall rotation.
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